Shot peening is a surface impact treatment widely used in the automotive and aerospace industries to improve the performance of metal parts. In this study, microstructure evolution and mechanical properties of 2196 Al-Li alloy were investigated after shot peening. The surface state was studied by scanning electron microscope (SEM). The residual stresses induced by shot peening were measured by means of X-ray diffraction, further to reveal the relationship between the distributions of residual stresses and shot peening process parameters. The mechanical behavior of the surface layer was investigated through microhardness test. The microstructure after shot peening was investigated with optical microscope.
Introduction
Shot peening is a mechanical surface treatment using of high-speed shots stream to hit the surface of the metal components (Harrison, 1987) , This process creates a large compressive residual stress on the surface and changes the structure, the properties and the surface conditions of the surface layer (Marsh, 1993) . The modified mechanical behavior of the peened components is mainly due to the residual stress field, strain hardening and grain distortion caused by the multiple impacts of the shot (Fu et al., 2013) . The plastic deformation produced by shot peening leads to a residual stress profile through the depth of the component with the compressive on the top surface and tensile in the depth of the component (Webster et al., 2001) . Numerous shot peening parameters, such as shot size, type, velocity, incidence angle, material properties of the target component, etc. have a great influence on the effectiveness of the treatment (Kyriacou, 1996) . Therefore, it is important to know the profile of the residual stresses, microstructural evolution mechanical property to study the impact of shot peening on materials.
Compared with other aluminum alloys, higher elastic modulus, lower density, higher specific strength and more favorable damage tolerance properties promote the application of Al-Li alloys in the aerospace industry (Rioja et al., 2012) . 2196 Al-Li alloy is a third-generation Al-Cu-Li-Mg-Ag system aluminum-lithium alloys registered in the United States Aluminum Association by the Canadian company Alcan, mainly for extrusion which is widely used in the latest generation of civil aircraft in Boeing and Airbus. 2196-T8511 extrusion is primarily used to strengthen the aircraft body parts and manufacture parts with damage-resistant properties. In addition, 2196-T8511 extrusion can also be used in aircraft flooring components (beams, rails, etc.), wing stringers and other body frames.
However, the evolution of microstructures and the properties of 2196 Al-Li alloy after shot peening have rarely been reported, especially the relations between microstructures and peening process parameters. In the present study, three aspects are focused on: firstly, the surface state was studied by scanning electron microscope and the residual stresses induced by shot peening were measured by means of X-ray diffraction, to study the distributions of residual stresses. Secondly, the properties of peened material were investigated through microhardness test and the evolutions of microstructure are observed by using optical microscope. Finally, the relations between the evolutions of microstructures and peening process were analyzed.
Experimental
The chemical composition of the 2196 Al-Li alloy is given in Table 1 . The alloy is provided in the T8511 temper, which essentially includes the following: extruded, solution heat treated and stress relieved by stretching to produce a nominal permanent set of 2.5%, and aged to T8511 temper. The 2196 Al-Li alloy is provided by Canadian company Alcan in the T3511 temper as extrusions that can be used as stringers or stiffeners in aircraft structures. Fig. 1 Shot peening test on 2196 Al-Li alloy was carried out under the processing parameters (Table 2) by shot peening machine. The machine movement speed was 404 mm/min. As shown in Fig. 2 , there were four workpieces peened in the test. The workpieces were " T " extrusions with a small Hook. The length of the workpieces was 1200 mm, the cross-sectional thickness was 2 mm. As described in the paper by Nouguier- Lehon et al. (2013) , they used confocal microscopy to study the surface morphology. In the present study, we used the JCM-6000 scanning electron microscope (SEM) to study the surface of Al-Li alloy before and after shot peening to get better result, the samples were cut from the workpiece. In order to obtain better results and increase equipment life, we used the secondary electron image mode. The electron beam mode was PC-std, the filament mode was Fil-std. The setting of acceleration voltage mode was High-Vac, and the voltage setting was 10 kV, enlarged 40 times. Residual stress measurement equipment was XRD residual stress analyzer produced by PROTO, XRD measurement of residual stress was carried out step by step by removing a very thin layer of the material using an electro-polishing device. The target of residual stress measurement equipment was . The voltage setting was 25 kV, and the electric current setting was 6 mA, the stress test process was multiple exposure technique, the exposure time was 12 minutes. The electrolyte of electro-polishing device was a mixture of 60 ml perchloric acid, 590 ml methanol and 350 ml ethylene glycol monobutyl. The voltage of electrolytic polishing equipment was set at 50 V, the time of corrosion was set at 40 seconds. Microhardness measurements were performed on the cut section of the 2196-T8511 Al-Li alloy specimens using a FEM-8000 automatic micro-hardness measuring instrument, applying a maximum force of 10 gf with a dwell time of 6s. Firstly, a good cross-section metallographic sample preparation, the samples were gradually measurements from the surface to the core part. Secondly, intense deformation zone and the transition zone were measured once every then increased the measurement step length until the base material. Three measurements were performed at each depth and the average value was used to plot microhardness distribution curve.
The cross-sectional optical microscope samples were cut from the shot peened Al-Li alloy workpiece. The cross section microstructure of the samples was observed using optical microscopy. As described in the paper by Bagherifard et al. (2013) , specimens for optical observations have been first wet ground with 1200, 2500 grit SiC sandpapers and water base polycrystalline diamond suspension with average scratch size of 1 um, subsequently etched by 2% Nital. In the present study, first, the samples were embedded in epoxy resin, the cross-section of the samples was grinded with 400 #, 600 #, 800 #, 1000 #, 1200 #, 2000 # water sandpaper. Second, the samples were mechanical polished with W5, W3 and W1 metallurgical polishing paste. Finally, the samples were etched with an etchant until there was a clear boundary observed under an optical microscope. The etchant was a mixture of 2ml Hydrofluoric acid, 3ml Hydrochloric acid, 5ml Nitric acid and 190ml distilled water, the time of corrosion was about 20 seconds. After the corrosion, the samples were washed with water, and then dried with a hair dryer before observing the microstructure in XJP-6A microscope.
The surface roughness was measured with double-barreled microscope based on the principle of light cut. Maximum height of the profile was defined as R z , referring to the sum of maximum profile peak height and maximum valley depth contour.
Results and discussion

Surface morphology observations
The multiple impacts of shot have influence on the surface integrity of shot peened samples, representing many dimples. Surface SEM observations of non-peened, shot peened specimens were shown in Fig. 3 . Fig. 3(a) shows the surface morphology of not peened Al-Li alloy, the surface is smooth and the material flow direction of fiber texture can be seen. Fig. 3(b) shows the surface morphology of shot peened Al-Li alloy, there is a certain increase on surface roughness. There is a certain degree of damage in the surface of Al-Li alloy after shot peening, local delamination and chapped phenomenon appear around the crater. Although shot peening can improve the mechanical properties of the material, but also may hurt the integrity of the material surface.
Due to the limitations of the pipeline in shot peening equipment, the speed of each shot was different. So each shot carried different energy, which caused different impacts. The craters emerged irregular distribution and the size of craters was not the same with each other. The average size of the craters was about 100 . In addition, the overlap of impact region of each shot caused the differences in the shape of the craters. Fig. 4 shows the residual stress distribution with depth of the Al-Li alloy after shot peening, a certain depth of compressive residual stress is generated in the surface layer. The value of compressive residual stress on surface is -204.3 MPa. The value of maximum compressive residual stress is -265.5 MPa occurred at 81 from surface. The depth of compressive residual stress profile is about 245 , and then the stress state turns into tensile stress below this depth.
Analysis of the residual stress profile
During shot peening, high-speed flow impacted the surface of Al-Li alloy. With the cumulative impacts of a number of shots, the specimen surface generates uneven plastic deformation and produces surface residual compressive stress. The plastic deformation gradually decreases inwardly from the surface layer. Because of the presence of plastic deformation, the compressive residual stress caused by shot peening produces the occurrence of slack. So that the compressive residual stress of surface inward appears an increasing trend and then the trend turn into a decreasing trend.
The residual compressive stress of the surface layer can hinder the generation of fatigue cracks, which greatly improves the fatigue resistance of the part. When 2196 Al-Li alloy parts endured the outer alternating load the residual compressive stress reduces the level of tensile stress of the applied load, thus improves the fatigue crack initiation life.
Microhardness distribution measurements
The microhardness measurements of non-peened, shot peened specimens are shown in Fig. 5 . Maximum value of microhardness is measured at the surface of shot peened specimen and then it gradually diminished to microhardness of the matrix material. The value of maximum microhardness after shot peening is 201.29 HV. The matrix material exhibits an average microhardness value of 146 HV. The values of microhardness of the surface layer are increased about 37%. The values of microhardness from the surface to about 100 decreases significantly, while the values of microhardness from about 100 to 300 decreases slowly. The increase of microhardness of Al-Li alloy is due to grain refinement and work hardening. Large elongated grains are refined into small grains on the surface layer after shot peening. During shot peening process, the surface of the workpiece is continuously impacted by a number of shots, which causes the plastic deformation of surface of the workpiece. Therefore, the surface layer has a surface hardening effect to improve the surface hardness and wear resistance. 
Microscopy studies
Cross section optical microscopy observation of shot peened specimen is shown in Fig. 6 . The average size of the surface layer is lower than the central zone in the sample. The surface of the sample are mainly smaller grains, the grains gradually become large elongated crystal grains inwardly.
Surface of the workpiece generates plastic deformation caused by the multiple impacts of the shots after shot peening, large elongated grains of the base material are refined into small grains on the surface layer. And the dislocation density demonstrated in the etch dimples in the surface layer is larger than the central zone.
Surface roughness measurement
Increasing roughness is a side effect of shot peening process. Surface state of non-peened, shot peened specimens has been characterized in terms of surface roughness. R z was the maximum height of the profile. The R z of the non-peened specimen was between 2.3 3.9 , while the R z of the shot peened specimen was between 12.2 15.7 . 
Conclusions
In this paper, we select the 2196 Al-Li alloy as the research material to study the variations in the microstructure and residual stress distribution after shot peening. Providing reference for the study of Al-Li alloys and other metal materials shot peening applications and materials engineering aspects of the performance improvement.
After shot peening, a compressive residual stress below the surface is created and the surface topography is changed. Compressive residual stresses have beneficial effect for the improvement of mechanical behavior of the peened component. In this paper, the residual stress distribution as well as the surface morphology have been experimentally measured and presented.
The microhardness values of the central zone are lower than those of the surface layer in the sample. The increase of microhardness of Al-Li alloy is due to grain refinement and work hardening. Large elongated grains were transformed into small grains in the surface layer.
